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Abstract 
The article describes selected current research activities on computing applications in offshore structures carried out 
by the authors and their colleagues in the Department of Civil Engineering at the National University of Singapore 
(NUS). Certain major thrusts in strategic areas of relevance to Singapore’s development and industrial needs have 
been deliberated and conceived with active supports and funding from government agencies and industrial partners. 
Selected computational research activities on the applications of gradient enhanced model in the computation of the 
Weibull stress, wV , which represents a cleavage fracture driving force and the strength of circular hollow section 
(CHS) joints with and without the high strength grout including their failure phenomena are briefly discussed. The 
programs and collaborative research and development efforts are not only targeted at the deliverables of the research 
projects but whenever possible, incorporated into the educational curriculum of the Department, contributing to 
training of skilled manpower to meet the needs of modern civil and offshore engineering practice. 
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1. INTRODUCTION
Because of the steep rises of price of oil and gas resulting from the thirst for energy and the depletion 
of conventional sources, the search for new fields in remote areas of extreme environment is actively 
pursued. Singapore’s offshore oil and gas industry has positioned herself well as a global leader achieving 
about 70% of the world jack-up oil rig orders and the conversion of vessel to floating production storage 
and offloading (FPSO). This influences significantly the research work carried out at NUS.  Several 
topics that are continually revised through inputs from the industry and currently studied at NUS include: 
(i) Strength and failure assessment of thick-walled hollow section joints (Choo et al, 2005); 
(ii) Ductile fracture resistance of pipelines; 
(iii) Strength and fatigue of grouted hollow section joints;  
(iv) Control and installation of pipelines in extreme environment; and 
(v) Strength and fatigue of Partial Joint Penetration (PJP) hollow section joints. 
Two topics involving numerical work on the application of gradient enhanced model in the 
computation of the Weibull stress, wV , representing a cleavage fracture driving force and the ultimate 
strength of circular hollow section joints with and without the high strength grout currently carried out at 
NUS are covered herein.    
2. WEIBULL STRESS MODEL CONSIDERING STRAIN GRADIENT PLASTICITY  
Conventional treatment of cleavage fracture normally combines the classical theory of plasticity with 
the widely recognized Weibull statistical approach. Gao et al (1998) proposed the minimum Weibull 
stress minwV   minJcK K  and Wasiluk et al (2007) found that the Weibull modulus of the 22Ni-
MoCr37 steel in the ductile to brittle transition European project is independent of temperature. The 
articles provide a good perspective of the characteristic of cleavage fracture and their proposals are 
acceptable in the scope of classical plasticity theory.  
Swaddiwudhipong et al. (2006) showed that the crack tip stresses are significantly higher than HRR 
solutions using the C0 element based on conventional mechanism-based strain gradient (CMSG) theory. If 
f is the material yield function and YV  the yield stress in uni-axial tension, ˢ the shear modulus, b the 
magnitude of Burgers vector,ˢˢ an empirical constant and pijkK  the plastic strain gradient tensor, the 
flow stress, fV , the material length scale, l, and the effective plastic strain gradient tensor, 
pK , are 
expressed as (Huang et al, 2004):  
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The configuration of a plane-strain, modified boundary layer (MBL) model to illustrate the significant 
effects of strain gradient plasticity on the variation of stress in the vicinity of the crack tip is shown in 
Figure 1. Two types of crack-tip models: a mathematically sharp crack tip and a practical, notched crack 
tip with an initial root radius, 0R have been studied. The element size near the crack tip is of the order of 
2 nm. The implementation of CMSG in a commercially available finite element program is through a 
user-subroutine UMAT in ABAQUS. The Young’s modulus of the material is 205 GPa with a Poisson 
ratio of 0.3. The strain hardening exponent N equals 0.2 and 410 MPayV  . The large-deformation 
formulation is adopted in all analyses reported herein.  
The resulting von Mises stress ( eV ) variations computed from both CMSG and the classical plasticity 
for the MBL model (with 0 0R  ) under remote IK  displacements are displayed in Figure 2. The values 
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obtained from CMSG model show close agreement with those computed from the MSG theory, where 
higher-order stress components in the constitutive relationship were included.  Both of the above results 
illustrate the substantially higher values than those obtained via classical plasticity theory.  
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Figure 1: Finite element MBL model 
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Figure 2: Mises stress near the crack tip 
Weibull stress (Beremin, 1983) is defined as the average of stresses driving the cleavage fracture in the 
fracture process zone. The cumulative probability of cleavage fracture and Weibull stress are expressed as 
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1V  is the principal stress, uV  is the Weibull stress at the failure probability, fP , of 0.632. The 
Weibull modulus, m, is usually in the range of 10~20 for a typical ferritic steel. The cumulative 
probability of failure is proportional to the volume of the fracture process zone defined normally by 
1 2! YV V  with the reference volume ( 0V ) of 1 unit (mm3).  
The fracture toughness data are selected from the extensive tests of 22Ni-MoCr37 steel in the ductile 
to brittle transition European project at temperature from -20oC to -110oC. The Young’s modulus, E, of 
the steel is 206 GPa and the uni-axial true-stress true-strain curves at -20oC, -40oC and -91oC are shown in 
Figure 3. Compact tension, C(T) and single-edge bending, SE(B), specimens of various thicknesses are 
adopted for calibration. The solid 20-node finite elements with reduced integration are adopted for 
numerical study with and without CMSG plasticity. A typical finding displaying Weibull stress variation 
for 0.5T C(T) specimen shown in Figure 4 illustrates the presence of plastic strain gradient at the crack 
front and the effect of material length scale has to be considered for a more accurate calibration of 
Weibull stress and cleavage fracture toughness assessment of steel structures. 
The re-calibration of Weibull stress parameters using the fracture toughness dataset developed in a 
European Union project involving 11 countries (Heerens and Hellmann, 2002) give the values of m and 
minK  for ferritic steels at -40
oC and -110oC to be 17, 48 MPa*m1/2 and 15, 20 MPa*m1/2 respectively for 
classical plasticity and 19, 47 MPa*m1/2 and 19, 20 MPa*m1/2 for CMSG plasticity. It was observed 
during the study that the values do not vary significantly in the range of the practical material length scale 
between 5 to 10 microns for ferritic steels. The typical corrected probability function curves for steels at -
110oC based on the two plasticity theorems are displayed in Figures 5 and 6. 
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Figure 3: Properties of 22Ni-MoCr37 steel Figure 4: Weibull stress for 0.5T C(T) at -110oC 
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Figure 5 and 6: Corrected probability function curves based on classical and CMSG plasticity 
3. STRENGTH OF CHS JOINTS WITH ULTRA-HIGH STRENGTH GROUT 
This section reports the static strength under in-plane bending of circular hollow section (CHS) joints 
filled in the chord member with the ultra-high strength grout of modulus 62 GPa and 185 MPa in 
compressive strength. The yield and ultimate strengths of the chords and braces are 320, 462, and 277, 
468 MPa, respectively. The steel modulus and Poisson’s ratio are 200 GPA and 0.3. 
The joint as shown in Figure 7 has an outer diameter of 508 mm for the chord member, a E ratio of 0.8, a 
J ratio of 16.8 and a W ratio of 1.5. E is the ratio of the outer diameters of the brace to the chord, d1/d0, J the 
ratio of the outer radius to the wall thickness of the chord, d0/2t0, and W the ratio between the wall thickness 
of the brace to that of the chord, t1/t0. The test rig imposes an axial load at the top end of the chord and 
supports the two ends of the brace by two saddles permitting the rotation at the brace ends. 
The testing of the grouted X-joint under brace in-plane bending shown in Figure 7 (Choo et al, 2007) 
is numerically simulated via finite element method. Owing to double symmetry, only a quarter of the 
specimen is modeled using the 20-node solid elements in ABAQUS (2008). The concrete smeared cracking 
model with properties obtained from the tests is employed to model the grout materials. The interaction 
between the grout and the steel tube utilizes the hard contact formulation adopting the outer surface of the 
grout material as the master surface and the coefficient of friction of 0.6. A separate study demonstrates that 
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the performance of the grouted joint is not affected significantly by the variation of the values of the 
friction coefficient. Large displacement is assumed in the analysis. 
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Figure 7: Geometry of the grouted CHS X-joint  Figure 8: Typical load-rotation response 
The experimental and finite element moment-rotation curves of the X-joint shown in Figure 7 are 
shown and compared in Figure 8. The non-dimensional in-plane bending moments applying on the brace 
is 20 0 1/ipb yM f t d . The parameters, 0yf , 0t , and 1d , are the yield strength, wall thickness of the chord and 
outer diameter of the brace, respectively. About 5% deviations of the numerical results from the test data 
are observed. The deformed shapes of the joint after the test obtained both experimentally and via finite 
element model are illustrated in Figure 9. The numerical deformed shape agrees well with that of the 
tested X-joint, which was unloaded, cut and the grout materials removed to reveal the deformed shape of 
the steel hollow section. 
The variations of the strength enhancement of the grouted joint of various geometric proportions are 
displayed in Figure 10. The enhanced flexural strengths of the grouted joints as compared to those of the 
un-grouted ones from a set of parametric studies are demonstrated in the same figure. The ratio of the 
ultimate in-plane bending capacity of the grouted joints, ,u groutedM , over the ultimate moment capacity 
of the un-grouted joints, ,u ungroutedM is adopted in the presentation. The strength enhancements of the 
grouted joints are observed to be about 2-3 times when compared to those of the un-grouted specimens 
for larger (closer to one) values of ˢˢ i.e. when the diameters of the brace and chord are close to 
each other. The definition of the ultimate joint strength follows that of a deformation limit recommended 
by Lu et al. (1994). Figure 10 also shows the design curves based on the ISO 19902 (2001) equation, Eq. 
(3), which was derived from the experimental database for tubular joints reinforced by normal strength 
grout, and expressed as:  
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Figure 9: Tested and FE deformed shapes 
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Figure 10: Strength enhancement of grouted joint 
Equation (3) assumes the same magnitude of chord stresses in both grouted and un-grouted joints. The 
comparison of results obtained herein with those from the ISO 19902 (2001) demonstrates that the latter 
significantly underestimates the strength enhancement provided by the ultra-high strength grout for joints, 
especially at high values of ˢ. 
The above study forms the preliminary phase of research work on the grouting reinforcement for 
circular hollow section joints widely used in steel offshore platforms. Subsequent phases of the research 
work will explore the ultimate strength of the grouted joints under brace axial tension and under brace 
cyclic loads. These investigations will also exam the fracture resistance and crack propagation in these 
structural components. 
4. CONCLUSIONS 
The study incorporates the strain gradient in the determination of the cleavage fracture driving force, 
measured by the scalar Weibull stress parameter. Preliminary study indicates that CMSG plasticity 
enables a more realistic representation of the singular stress field near the crack tip and should be 
considered in the calibration of the Weibull stress parameters for ferritic steels used in reactor pressure 
vessels and other on-shore as well as off-shore structures. The present study shows that the plastic strain 
gradient existing in the vicinity of the crack front gives lower values of Weibull modulus. As the different 
weight function is applied, the difference values of Weibull modulus are observed as compared to those 
calibrated by Wasiluk (2007), however, the decreasing trends of Weibull modulus considering strain 
gradient plasticity do not change. The article also reports the findings on the significant potential of the 
grouting to reinforce certain weak locations of the selected members of steel offshore structures to 
mitigate undesirable early mode of failure. It was observed that the strength enhancements of the grouted 
joints are a few times higher than those of the un-grouted specimens for larger values of ˢˢ Further 
research work currently being explored by our group comprises the fatigue and ultimate strength of the 
grouted joints and Partial Joint Penetration (PJP) hollow section joints under various loading conditions 
including the fracture resistance and crack propagation in these structural components. 
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